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Abstract
Today, the dynamics, especially acceleration and jerk, of machine tools are limited in order to reduce excitations of machine structure
vibrations to an acceptable level. A novel approach - the Kinematically Coupled Force Compensation (KCFC) - combines the principles of 
redundant axes and force compensation to further increase machines’ dynamics. In this paper, the new principle is introduced and possible 
control concepts are compared based on an analysis in frequency and time domain. Simulations, using a simple multi-body simulation model 
implemented in MATLAB/Simulink®, show, that machine structure vibrations can be reduced significantly by KCFC.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
Motion guided machine systems (in particular machine 
tools, industrial robots and handling systems) build the basis 
of industrial production. They contribute significantly to value
creation in the process of manufacture. In order to increase the 
productivity of motion guided machine systems, numerous 
approaches like parallelisation, process integration [1] and the 
reduction of non-productive time are already being imple-
mented. Since those measures are often maxed out, only the 
increase of motion dynamics can help to achieve higher 
productivity. For this purpose electric direct drive technology 
is applied because it eliminates mechanical transmission 
elements and thereby opens up ranges of maximum motion 
dynamics [2]. However, an increase in motion dynamics 
leads, mainly in consequence of higher acceleration and 
acceleration forces, to a stronger vibrational excitation of 
machine structures. As a result, in many cases motion 
accuracy and product quality are reduced.
2. Methods for the reduction of vibrations and vibration
excitation in highly-dynamic machine tools
A variety of methods are known to reduce vibrations and 
vibrational excitation of machine systems. Currently 
approaches of structural lightweight construction, in particular 
by using fiber-reinforced plastics, are increasingly pursued 
[3]. Methods for passive and active vibration reduction or 
reduction of vibrational excitation are also topics of current 
research [4]. With regard to the method of Kinematically 
Coupled Force Compensation (KCFC) the principles of 
reaction force compensation [5] as well as redundant axis
configurations [6] are discussed below.
Force compensation cancels out reaction forces that are
induced into the lower-level machine structure by the feed 
drive. In order to realise this strategy, a second, counteracting 
compensation drive is used.
In redundant axis configurations, the motion of the Tool 
Centre Point (TCP) is divided into the sluggish motion of a
heavy basis axis and the dynamic motion of a lightweight
additional axis. Basis axis and additional axis can be arranged 
in series (based on each other) or in parallel (both based on
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the underlying structural assembly). Redundant axis 
configurations usually provide a reduction of the drive’s
reaction force, as the highly dynamic motion components are 
executed by the lightweight additional axis.
3. Kinematically Coupled Force Compensation
3.1. Basic concept and derivation of the principle
The method of Kinematically Coupled Force Compen-
sation (KCFC) [7,8] can be interpreted as a combination of a 
parallel redundant axis configuration (with xTCP = x1-x2) and
the principle of reaction force compensation (see Fig. 1). In 
order to achieve a complete cancellation of reaction forces, 
Eq. (1) must be fulfilled best possible (friction is neglected):
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Thus, the kinematic constraint for the motion of the slides 1 
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Km is the mass ratio of the two slides. Considering Eq. (2), 
KCFC requires that the highly dynamic and lightweight axis 
has a larger traverse than the slower and heavier axis, in order 
to accomplish full cancellation of reaction forces.
Fig. 1. Principle of KCFC (according to [7,8]): left – standard type; right:
KCFC with relative linear guidance and relative measuring system xrel
Since the parameterisation of the cascade control (P -
position, PI - velocity and PI - current control) significantly 
influences the resulting force pulse, Eq. (1) must be extended 
to derive the correct controller configuration. Assuming a PI -
speed controller in parallel arrangement and supposing 
identical values for position control gain (KV_1 = KV_2) and
force constants (KMot_1 = KMot_2) of the linear motors, the 
equation for parameterisation of the velocity controller
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The index 0 stands for any axis of reference with the moving 
mass m0.
3.2. Guiding and measuring systems for KCFC
For the parallel redundant axis configuration of the KCFC 
three alternative guiding arrangements can be derived: the 
guiding of both slides relative to the base (Fig. 1, left); the 
guiding of one slide relative to the base and the second slide 
relative to the first one (Fig. 1, right) and a combination of the 
aforementioned configurations. Below it is assumed that the 
guidance for each slide is arranged relative to the base. The 
other guidance configurations will be content of later 
investigations.
Three basic configurations can be used for the arrangement 
of position and speed measurement systems in KCFC-axis: 
the measurement between the slide and the base (e.g. x1 in 
Fig. 1, left); the measurement relative between the two slides
(e.g. xrel in Fig. 1, right; indices relP and relP&V in Fig. 2) 
and the measurement relative towards an independent 
reference (e.g. xiR in Fig. 1, right). This opens up 3•3 = 9
possible configurations for the position and velocity 
measurement system. The combinations with measurement 
relative towards an independent reference (e.g. xiR in Fig. 1, 
right) are not considered because they are not technically 
feasible. In the following, the configurations with position and 
velocity measurement relative to the frame, with relative 
position measurement between the slides (index relP in Fig. 
2) and with relative position and velocity measurement 
between the slides (index relP&V in Fig. 2) are considered. 
The configuration with relative velocity measurement (index 
relV) is excluded because it is unstable with regard to the
analysis of the pole-zero map [9].
3.3. Alternative control concepts for KCFC
Similar to the arrangement of guiding or measuring 
systems relatively between both slides (Fig. 1, right) an
overlaid controller cascade can be formed for the KCFC. In
case of a separate cascaded control for each slide (Single Axis 
Control - A in Fig. 2) the relative movement xrel is not fed 
back into the control loop. With a superimposed position 
control loop (Superimposed Position Control - SP in Fig. 2) or 
a superimposed position and velocity control loop (Super-
imposed Position and Velocity Control - SPV in Fig. 2) the 
relative movement xrel is actually controlled. However, in the 
latter two configurations the common degree of freedom of 
both slides relative to the base (see xCOG in Fig. 1, right) is not 
bounded. In order to control xCOG an additional centring 
control (Centring Control - CC in Fig. 2) was supplemented
for the superimposed position and velocity control (SPV).
Fig. 2. Control concepts for KCFC (according to [7])
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4. Simulation-based investigation of KCFC
4.1. Model and parameters
The simulation model schematically illustrated in Fig. 3
represents the half (symmetry plane X-Z in Fig. 6) of the base 
frame and the two slides (1 and 2) of the test bed. The 
dominant natural frequency of f0B = 80 Hz with a damping 
factor of DB = 0.01 is set using the parameters cB and bB while 
mB is given. The frequency f0B corresponds to the oscillation
of the frame body in the X-direction. Other eigenmodes are 
not considered yet. They will be added later by the imple-
mentation of flexible bodies derived from FE-models of slides
and base (Fig. 6). Friction of the linear guides is approximated 
as a superposition of dry and viscous friction with finite 
increase in the zero crossing (Fig. 3, middle). A PI - current 
controller with current and voltage limiting is used. For the 
analysis of the simulation model in frequency domain non-
linear elements are neglected (the respective parameters are 
labelled with * in Table 1 and Table 2).
Fig. 3. Simulation model of the test-bed shown in Fig. 6 (acc. to [7,8])
The setting of the current controller corresponds to the 
optimum amount [10]. For the velocity controller the doubled 
values for the symmetrical optimum [10] are applied. Velocity 
feed-forward is used. The cascaded position and speed control 
corresponds to the controller configurations shown in Fig. 2. 
Configurations with relative measurement (indices relP and 
relP&V) and the corresponding superimposed controllers (SP 
and SPV) are summarised in Fig. 2 because they are identical 
in the linearised model. For enabling a comparison of KCFC 
with prior art, a conventional single-axis (one slide moving 
relative to the base - compare Fig. 3; index CONV in Fig. 4 
and Fig. 5) is derived using the parameters of set I, given in 
Table 2.
An exemplary jerk-limited motion profile (7-segments)
with the values jcmd = 50000 m/s³, acmd = 50 m/s², vcmd = 2 m/s
and xcmd = 0.2 m is used for simulation in time domain. The 
constant parameter values for the simulation are listed in 
Table 1.
Table 1. Constant parameters of the simulation model
Parameter Var. Value Parameter Var. Value
basis mass mB ½•1100 kg prop. gain KV 200 1/s
basis stiffness cB ½•278 N/µm integr. const. TN 3.00 ms
basis damping bB ½•11058 Ns/m prop. gain KI 74.6 V/A
stiction speed* vstic 0.1 mm/s integr. const. TI 1.77 ms
PWM-Time const. TPWM 1.5•62.5 µs current limit* Ilim 11.3 A
vel. feed-forward KVel 1 voltage limit* Ulim 325 V
The variable parameters for both slides i = 1 and i = 2 are 
listed for two sets of parameters in Table 2. A change in the 
slide mass (mass ratio according to Km in Eq. (2)) is taken into 
account by Eq. (3) for the setting of the velocity control gain 
KP_i. Deviations of the motor force constant KMot_i, the 
winding resistance RMot_i, the winding inductance LMot_i or the 
constant and viscous friction parameters bvisc_i and Fconst_i
represent unrecognised parameter variations. The motor
parameters RMot_i and LMot_i are varied opposing, so that an 
altered electrical time constant Tel = LMot_i/RMot_i results.
Table 2. Variable parameters of the simulation model (two parameter sets)
Parameter Var. Set I (+/-0 %) Set II (+/-25 %; Km = 3)
i = 1;  i = 2 i = 1 i = 2
slide mass mi ½•30 kg ½•15 kg ½•45 kg
motor force const. KMot_i 124 N/A 155 N/A 93 N/A
motor resistance RMot_i 7.9 V/A 5.925 V/A 9.875 V/A
motor inductivity LMot_i 0.0140 Vs/A 0.0175 Vs/A 0.0105 Vs/A
visc. Friction coeff. bvisc_i 20 Ns/m 15 Ns/m 25 Ns/m
const. friction force* Fconst_i 4.8 N 3.6 N 6 N
prop. gain (vel.) KP_i 322.60 As/m 161.29 As/m 483.87 As/m
4.2. Comparison of control concepts
For the comparison of the control-concepts shown in 
Fig. 2, the frequency responses of the linearised simulation 
model are plotted as Bode diagrams in Fig.4. As a measure for
the precision of motion, the response to set-point changes
(xrel/xcmd) is shown in Fig. 4, above. In addition, the frame 
vibration amplitude xB caused by the command value xcmd is 
shown in Fig. 4, below. In the Bode plot of the response to 
set-point changes (Fig. 4, above) a drop of the amplitude 
response near the base’s natural frequency appears for the
conventional single axis (index CONV). This drop would be 
even more apparent at higher frequencies and with lower 
vibrating mass, particularly when more eigenmodes are 
considered in the simulation model. The ideal KCFC axis (A, 
set I) has a similar frequency response, wherein the frame 
resonance frequency f0B is no longer visible. For the control 
concepts A, SP and SPV (set II) the unrecognised parameter 
variations result in a modified response to set-point changes
for higher frequencies. Nevertheless KCFC significantly 
reduces the vibration of the base even with considerably high
parameter deviations (see ǻ[B/xcmd)0B in Fig. 4, below).
The difference between the KCFC control concepts A, SP 
and SPV is clearly reflected in the amplitude of the frame 
vibration (Fig. 4, below). The control concept SPV (with 
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KP_CC = 0) leads to the maximum frame vibration within the 
KCFC concepts, while the control concepts A and SP provide
a significantly higher damping of the frame vibration. 
Because the control concept SPV is extended by a P-PI 
centring control (CC in Fig. 2), its behaviour can be converted 
continuously into the behaviour of concept A by increasing 
the proportional gain KP_CC of the centring control (see KP_CCĹ
in Fig. 4, below).
Fig. 4. Simulation results in frequency-domain (with vel. feed-forward)
The qualitative results achieved by the analysis in 
frequency domain are confirmed by time domain simulation 
shown in Fig. 5. Marginal differences in the tracking error can 
be observed between KCFC and conventional axis. The frame 
vibration (set II) can be reduced significantly with KCFC,
even when unrecognised parameter deviations are present.
Fig. 5. Simulation results in time-domain (with vel. feed-forward)
5. Conclusion and outlook
In this paper the method of KCFC was presented. Suitable 
control concepts were compared using a simple multi-body
simulation model implemented in MATLAB/Simulink®. The 
potential of KCFC to reduce vibration excitation was demon-
strated based on the analysis in frequency and time domain.
Currently the test bed shown in Fig. 6 is assembled. 
Parallel a detailed finite element model of the test bed is 
developed and parametrised by taking into account the results 
of an experimental modal analysis. With an extended multi-
body simulation model, supplemented with the elastic 
structural components (slide and base frame), the introduced 
control concepts will be evaluated under the influence of 
multiple eigenmodes. The influence of eigenmodes which can 
only be observed at the TCP will be investigated in addition to 
the resonance in the direction of motion in the simple model.
Simulation results will be compared with the experimental 
results obtained from the test bed. Long-term objective of the 
research project is the development of specifically tailored 
machine concepts for KCFC.
Fig. 6. Test bed for KCFC (currently under construction) and FE-models
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